Understanding the spin and flavor structure of nuclei at the level of quarks and gluons is essential to the interpretation of many searches for beyond the Standard Model (BSM) physics. The simplest aspects of the structure of nuclei are revealed through their static responses to external probes. Vector charges of a nucleus are constrained by symmetries and define the number of valence quarks of a given flavor, while matrix elements (MEs) of the axial currents encode the spin carried by quarks and gluons [1] [2] [3] and play a central role in weak-interaction processes including single-and double-β decay. While difficult to probe experimentally, the (renormalization-scaledependent) scalar and tensor MEs provide important theoretical input for the interpretation of results from dark matter direct detection experiments [4] and searches for new physics in precision spectroscopy [5, 6] . Tensor MEs determine the quark electric dipole moment (EDM) contributions to nuclear EDMs through the dimension-five CPodd operatorqσ μν qF μν (whereF μν ¼ 1 2 ϵ μνρσ F ρσ is the dual of the electromagnetic field strength tensor F μν and q is the quark field) and are necessary to interpret corresponding searches for BSM CP violation [7] [8] [9] [10] .
In interpreting intensity-frontier searches for new physics using nuclear targets, it is important to consider multinucleon effects in nuclear MEs. For axial MEs, relevant for Gamow-Teller (GT) transitions, experimental measurements generally differ substantially from naive singlenucleon (NSN) estimates using nuclear ground states with noninteracting nucleons occupying only the lowest shellmodel states [11] [12] [13] [14] [15] . Phenomenologically, nuclear shellmodel calculations of β-decay rates using quenched values of the nucleon axial coupling are known to agree better with experimental values [14] [15] [16] [17] [18] . For light nuclei with A ≤ 10, recent Green function Monte Carlo calculations of GT MEs using chiral currents and potentials [19] [20] [21] [22] [23] have shown that experimental values of axial MEs can be reproduced by including correlated two-nucleon effects, constrained by experimental observations in few-body systems. In larger nuclei, multibody nuclear effects make such calculations significantly more challenging (see, e.g., Refs. [24, 25] for recent progress). For the scalar and tensor currents, chiral effective field theories (EFTs) have also been used to organize multinucleon effects in nuclear MEs [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . In contrast to the axial case, these effects are not well constrained by experiment, but could be determined by matching to ab initio Standard Model calculations of fewbody matrix elements using lattice quantum chromodynamics (lattice QCD). In principle, lattice QCD can be used to calculate the nuclear MEs of interest directly from quark and gluon interactions. While such calculations are extremely challenging, they have now been performed for A ≤ 4, albeit without fully controlled uncertainties and will be improved and extended to larger nuclei through advances in algorithms and growth of computational resources.
In this Letter, a first-principles lattice QCD study of forward matrix elements of the scalar, axial, and tensor currents, henceforth referred to as "charges," in the nucleon and light nuclei up to atomic number A ¼ 3 is presented, at unphysical values of the quark masses. These nuclear matrix elements are seen to deviate from the NSN estimates, with particularly large deviations for the scalar current. As many theories of dark matter couple to the Standard Model through scalar exchange, it is important to quantify these potentially large effects in the interpretation of dark matter direct detection experiments.
Lattice QCD methodology.-The numerical calculations presented here are performed using one ensemble of gaugefield configurations generated with a clover-improved fermion action [43] and a Lüscher-Weisz gauge action [44] with N f ¼ 3 degenerate light-quark flavors. The quark masses are tuned to produce a pion of mass m π ∼ 806 MeV. The spacetime volume of the ensemble is L 3 × T ¼ 32 3 × 48, and the lattice spacing is a ∼ 0.145 fm. Further details of the ensemble are given in Ref. [45] .
The matrix elements of the scalar, axial, and tensor currents are determined from lattice QCD correlation functions calculated on each gauge-field configuration. These correlation functions separate into two pieces: one in which the quarks interacting with the operator are connected to the hadronic source and sink, and one in which they are not, referred to as quark-line connected and disconnected contributions, respectively. The quark-line connected contributions to the matrix elements are determined using the fixed-order background-field approach introduced in Ref. [46] and discussed in detail for the axial case in Refs. [47] [48] [49] . Here, Dirac bilinearsqq,qγ 3 γ 5 q, and qγ 1 γ 2 q for q ¼ u, d are used to couple to the scalar, axial, and tensor fields, respectively. Correlation functions are constructed with seven different values of the field strengths for proton p, deuteron d, diproton pp, and 3 He states. These correlation functions are built from quark propagators originating from a smeared source and having either a smeared (SS) or point (SP) sink [48] . Matrix elements are extracted from the linear responses of the correlation functions to the external fields as detailed in Refs. [46, 48, 49] , using correlated one-and two-state fits. As an illustration, fits determining the connected isoscalar scalar matrix element in 3 He are shown in Fig. 1 . Fits for all states, as well as details of the statistical sampling, are provided in the Supplemental Material [50] . It is important to note that, at the SU(3)-symmetric value of the quark masses used in this study, all of the states considered are bound ground states with binding energies significantly larger than those in nature [45, [51] [52] [53] and are spatially compact with respect to the lattice volume. Finite-volume effects in the matrix elements are therefore exponentially small in γL, where γ is the binding momentum of the system.
Calculation of the quark-line disconnected contributions to each matrix element requires all-to-all propagators, and it is not feasible to compute these objects exactly for the lattice volume used in this Letter. Instead, the requisite traces are estimated stochastically [54] [55] [56] [57] [58] using hierarchical probing [59] and singular-value deflation [60, 61] (see Refs. [60, 62] for complete details). The uncertainties from the stochastic sampling are included in the statistical uncertainties that are presented. The disconnected contributions are subsequently correlated with SS and SP twopoint correlation functions with the relevant quantum numbers to construct the three-point correlation functions. After subtraction of the contributions, in which the current insertions and the two-point functions are uncorrelated, the ratios of the three-point functions to the two-point functions are formed. Finally, the ground-state matrix elements are extracted using correlated two-state fits to the sink and [50] .
Combining the quark-line connected and disconnected contributions to the matrix elements allows a complete flavor decomposition of the scalar, axial, and tensor charges in the light nuclei studied. The bare lattice operators are renormalized using the flavor-nonsinglet renormalization constants Z S ¼ 0.823ð16Þ, Z A ¼ 0.879ð12Þ, and Z T ¼ 0.889ð16Þ, determined in Ref. [63] from ensembles with the same action. For the scalar and tensor operators, results are presented in the MS scheme at a renormalization scale of μ ¼ 2 GeV. The isovector charges are free from significant operator mixing, while the isoscalar matrix elements are only determined up to mixings with gluon operators, which are not computed. For the isoscalar scalar and tensor operators, this is a small effect [64, 65] , while for the isoscalar axial charges, mixing through the flavor-singlet chiral anomaly is potentially significant. Nevertheless, to leading order in the strong coupling, these renormalization factors, mixing, and the renormalization-scale dependence of the scalar and tensor charges, cancel in ratios of nuclear matrix elements to the matrix elements of the same operators in the proton [66] . These ratios, and their differences from the expectations for noninteracting collections of nucleons, encode nuclear effects and are the primary focus of this Letter.
Proton and nuclear charges.-The renormalized scalar, axial, and tensor charges of the proton, deuteron, diproton, and Table I .
The ratios of the charges in a nucleus A to those in the proton, R ðfÞ X ðAÞ ¼ g ðfÞ X ðAÞ=g ðfÞ X ðpÞ, can be compared with the NSN estimates, defined previously, which are determined entirely by the baryon number, isospin, and spin quantum numbers. Most sources of systematic uncertainty in these calculations, such as lattice spacing and finite volume effects, cancel to a significant extent in these ratios [66] . Hei. The left (right) panel shows results obtained using the SS (SP) correlation functions for a range of current insertion times τ and sink insertion times. The green band corresponds to the extracted matrix element determined as described in the text, and the blue (orange) curves and bands illustrate a correlated two-state fit to the data shown as discussed in the Supplemental Material [50] . PHYSICAL REVIEW LETTERS 120, 152002 (2018) 152002-3 nuclear interactions and correlations on the charges and present a coherent picture of medium effects in light nuclei at m π ∼ 806 MeV-the central results of this Letter. Taken as a whole, the results indicate that nuclear effects in the charges are typically at the ≲2% level in light nuclei with atomic number A ≤ 3. The exception to this picture is in the scalar channel, where ∼10% effects are seen. For each type of interaction, nuclear modifications scale approximately with the magnitude of the corresponding charge. While strange quark (equivalently, disconnected) contributions to the nuclear axial and tensor charges are negligible, strange quarks make significant contributions to the scalar charges, as seen for matrix elements of the same operators in the proton in previous studies [65, 67, 68] . The tensor charges encode the quark EDM contributions to the EDMs of light nuclei and thus set bounds on BSM sources of CP violation [10] . Given that the CP violation in the weak interaction is insufficient to generate the observed matter-antimatter asymmetry of the Universe (assuming exact CPT invariance and baryon-antibaryon symmetry of the initial conditions), many experiments have sought to measure permanent EDMs as evidence for such sources. Even with a successful measurement of a permanent EDM, fully disentangling the sources of CP violation requires multiple observables [7, 69] , and experiments searching for EDMs of light nuclei are in the planning stages [70] [71] [72] . Nuclear effects in the tensor charge have not been previously observed; here they are resolved for the first time and found to be at the few percent level for A ≤ 3 at these quark masses. Similarly, modification of the axial charge in nuclei is found to be at the 1%-2% level for both the isoscalar and isovector combinations. The isovector 3 He charge is consistent with values extracted from measurements of the β decay of tritium [73] and is more precise than our previous work [46] . Nuclear effects in the axial charges can test predictions that nuclear modification of the spin-dependent structure function may be significantly different than the modification of the spin-independent structure function [74] [75] [76] . The small deviation resolved in this study implies that quarks in nuclei carry a different fraction of the total spin than quarks in free nucleons.
In contrast to the few percent nuclear effects seen in the tensor and axial charges, the scalar charges of light nuclei are suppressed at the 10% level relative to expectations for noninteracting nucleons. (The sign of these nuclear effects is consistent with the deeper binding of nuclei with increasing quark masses that is found from direct calculations of the binding energies of light nuclei [45] .) In phenomenological models of nuclei such as the Walecka model [77, 78] and the quark-meson coupling model [79] , a mean scalar field in which the nucleons move is an important contribution to the saturation of nuclear matter. The large modifications of the scalar charges found here suggest that models based on similar mechanisms may approximately describe nuclei even at unphysical values of the quark masses. A determination of the scalar polarizabilities through extensions of the calculations presented here (using analogues of the methods discussed in Refs. [48, 49, 80] ) would be interesting in this context [81, 82] .
The scalar charges of nuclei are also important in the interpretation of experimental searches for dark matter [26] [27] [28] [29] [30] [31] [33] [34] [35] [36] [37] [38] [39] 41, 42] . These charges quantify the contribution of explicit chiral symmetry breaking to nuclear masses [83, 84] and define nuclear σ terms. The σ terms govern the interaction probabilities of many particle dark matter candidates with nuclei in direct detection experiments. The pion and strange σ terms for a nucleus A are defined in analogy to for the deuteron (circles), diproton (diamonds), and the nucleon σ terms as σ πA ¼ m l hAjūu þddjAi and σ sA ¼ m s hAjssjAi, respectively (where m l denotes the average light-quark mass). They can be determined from the scalar charges calculated here and are tabulated in Table II . The results for the light-quark σ terms are consistent with, and more precise than, those deduced from numerical lattice QCD calculations for these nuclei using a discretized Feynman-Hellmann approach [84] .
Summary.-The results of the lattice QCD calculations presented here reveal percent-level nuclear effects in the axial and tensor charges of light nuclei and Oð10%Þ nuclear effects in the scalar charges, at unphysical values of the quark masses. This is consistent with nucleons being the relevant effective degrees of freedom within these light nuclei, dominating nuclear responses to external probes. Future calculations using additional lattice spacings and volumes, and with the physical values of the quark masses, will determine the scalar, axial, and tensor matrix elements of light nuclei with fully controlled uncertainties. These can then be used to constrain EFT analyses of electroweak interactions with light nuclei and of searches for BSM physics. Specifically, the tensor charges of nuclei are needed for the interpretation [7, 69, 85] of potential future experimental searches for nuclear EDMs [70] [71] [72] , and the axial charges control Standard Model predictions for GT transitions and double-β decay rates. The scalar charges enter the interpretation of dark matter direct detection experiments and searches for new physics in precision spectroscopy. If the significant nuclear modifications to scalar matrix elements observed in this Letter persist in larger nuclei in nature, such effects will be important for the interpretation of intensity-frontier searches for new physics that employ nuclear targets.
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